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Abstract 
In this paper, we propose a numerical approach to determine CO2-water relative permeability from the experimental 
test of the injection of supercritical CO2 into low permeable rock. The theoretical analysis was modified in order to 
incorporate two phase drainage displacement while poroelastic geomechanical analysis was employed to quantify the 
stress-strain as well as the porosity-permeability that altered during the injection. The applicability of the numerical 
analysis was examined in the injection of supercritical CO2 with 3 μl/min flow rate into a cored Ainoura sandstone 
saturated by water within initial condition of 10 MPa pore pressure, 20 MPa confining pressure, and 35°C 
temperature. During injection, the hydraulic pressures in the upstream and downstream of the core including its 
longitudinal and lateral strains were measured. The experimental results showed that CO2 injection generates an 
increase in hydraulic pressure across the core up to 16.93 MPa, and the increase in volumetric strain by 0.7%. As a 
consequence,  porosity and permeability changes by a factor of 1.22 and 2.03 of those initial values were observed, 
respectively. It was also found that CO2 and water relative permeability values yielded  lower values by 25% and 
65%, respectively, when geomechanical effects on the hydraulic behavior are considered . The results suggest that the 
determination of relative permeability by core scale measurement needs to accommodate both hydraulic and 
geomechanical effects, especially in case of  low permeable rocks.  
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1. Introduction 
  To model CO2 sequestration in deep saline aquifers, CO2-brine relative permeabilities should be 
determined. There are a number of core scale experimental methods to measure these relative 
permeabilities including the unsteady and steady state techniques. Generally, these techniques are 
employed on the basis of the assumption that, during the injection of non-wetting fluid to displace wetting 
fluid into a core, the intrinsic permeability and porosity of the core are constant and do not deviate from 
the values measured before the injection test has been undertaken. This assumption, however, is no longer 
valid as the intrinsic permeability and porosity could change due to hydromechanical response of the core 
during CO2 injection.  The determination of relative permeability from fluid displacement tests 
considering the hydromechanical behavior of the core is needed e to obtain reliable and reproducible  
relative permeability curves  for accurate prediction of well injectivity and CO2 migration in deep saline 
aquifers [1]. 
Very few data on the relative permeability and hydromechanical response of low permeable rocks, for 
supercritical CO2 injection.  In this paper, we developed numerical analysis incorporating coupled 
analysis of flow pump permeability test modified for two phase flow [2] [3] and poroelastic geomechanics 
[4][5][6].  The numerical analysis can be employed to determine stress-dependent relative permeability 
and storage capacity of a rock specimen injected with supercritical CO2. The applicability of the 
numerical analysis was evaluated using  flow pump permeability test in which the pressure drop and 
volumetric strain of the rock specimen are continuously measured during injection.           
 
2. Numerical Analysis 
Numerical analysis was developed by employing the analysis of flow pump permeability for two phase 
flow coupled with poroelastic geomechanical analysis. The methodology of the numerical analysis is 
illustrated in Figure 1. Experimental test of the injection of CO2 into a core of rock specimen provides  
differential pressure drop, flow rate and volumetric strain of the core. The pressure drop and flow rate data  
can be employed to determine CO2-water relative permeabilities and specimen’s specific storage. At first, 
the intrinsic permeability of the rock specimen was assumed to be constant. Its value was obtained from 
water injection test.  By using the history matching between experimental and theoretical differential 
pressure, the CO2-water relative permeability and specimen’s specific storage can be determined. 
At the same time, volumetric strains present the geomechanical behavior of the rock specimen during 
the injection of CO2. Terzaghi’s effective stress can be quantified from the confining pressure and pore 
pressure applied in the experiment. As a result, stress-volumetric strain path can be assessed. The change 
of porosity can also be estimated using the compressibility of specimen bulk and specimen matrix data 
including its effective stress. Once the change of porosity was obtained, the change of permeability can 
also be computed using porosity-permeability relationship. In this study, we used well-known Kozeny-
Carman equation for this purpose. As the permeability is a non-constant value, the relative permeability 
data  obtained need to be refined using the new permeability from geomechanical analysis. Finally, the 
stress dependent CO2-water relative permeability can be obtained. 
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Fig. 1. Flow chart of the numerical analysis  
2.1. Theoretical Analysis of Flow Pump Permeability Method for Two Phase Flow 
The differential pressure across the rock specimen saturated by wetting phase fluid under the  injection 
of non-wetting  fluid within a constant flow rate can be described as follow:  
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where h is the differential pressure, Hw is the pressure of wetting phase fluid, Hn is the  pressure of non-
wetting phase fluid, Hc is the capillary pressure, z is the vertical distance along the specimen, t is the time 
from the start of the experiment, Ss is the specimen’s specific storage, K  is the intrinsic permeability of 
the specimen, krw is the relative permeability of wetting phase fluid, krn is the relative permeability of non-
wetting phase fluid, L is the the length of the specimen, μw is the dynamic viscosity of wetting phase fluid, 
μnw is the dynamic viscosity of non-wetting phase fluid, ρw is the density of wetting fluid, ρn is the density 
of non-wetting phase fluid, A is the cross-sectional area of the specimen, Q (t) is the flow in the specimen 
at time t, q is the non-wetting phase fluid flow rate into the specimen at time t, Ce  is the storage capacity 
of the flow pump system, g is the gravity acceleration. The roots, , can be obtained using the Newton 
Raphson Method.  
 
2.2. Geomechanical analysis based on poroelastic constants dependent stress  
The analysis of geomechanical behavior of the specimen subjected to CO2 injection can be done 
through the mechanism of the interaction of interstitial fluid and porous rock based on the linear 
poroelasticity theory of Biot [7]. Fluid flow will affect the mechanical response of rock [8]. Bulk 
volumetric strain, b, which is defined as the ratio of the increment of bulk volume under loading 
condition to the initial bulk volume, can be defined as: 
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where Cbp and Cpp are pore pressure related bulk and pore compressibilities; Pp and Pc are fluid pore 
pressure and confining pressure applied; Vb and Vp are bulk and pore volume, respectively,  is porosity, 
 is total stress, and ’ is effective stress.  
 
 
2.3. Mean Stress  
The mean stress is defined from the principal stress as:  
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, and  is Biot’s effective stress parameter [7].  
2.4. Relationship between Porosity and Permeability 
In order to determine the permeability changes based on porosity changes,  the Carman-Kozeny model 
was employed as follows: 
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where S is the specific area, i,  and  Ki are porosity and permeability under initial conditions.  
 
3. Applicability to Experimental Test 
The flow pump permeability method , an experimental system recently introduced by Mitani et al. [2], 
was employed to inject CO2 into low permeable rocks.  To create reservoir conditions, a greenhouse 
chamber with room temperature controllers was set up. Temperatures controllers with hemathermal 
circulation, bath and thermocouples were installed to control the apparatus temperatures, including heater 
bars and temperature sensors attached on the rock sample. In order to measure the deformation of the 
specimen during the experiment, strain gauges were attached to the vertical and horizontal direction on 
the rock specimen.  
3.1. Rock Specimens  
The rock specimens used in the experiments are Ainoura sandstones from Nagasaki Prefecture Japan. 
They were cored cylindrically at 50 mm diameter and 100 mm height.  We measured the pore size 
characteristics and capillary pressure of the rock specimens by using a mercury-porosimetry. It was found 
that all specimens exhibit a bi-modal pore size distribution, indicating heterogeneous porosity (Figure 3a). 
Micropores of the specimens share more than a half of the total pores, leading to a relatively small 
porosity (Table 1).  The threshold capillary pressure of the specimens was obtained in the range of 25 - 27 
kPa with interfacial tension for CO2-water of 32.1 mN/m.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)      (b) 
Figure 3. Pore size distribution (a) and capillary pressure (b) of the rock specimens. 
 
0
0.02
0.04
0.06
0.08
0.1
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.001 0.01 0.1 1 10 100 1000
Ainoura 1
Ainoura 2
Ainoura 2
Ainoura 1
F
ra
c
ti
o
n
 o
f 
P
o
re
 S
p
a
c
e
C
u
m
u
la
tiv
e
 V
o
lu
m
e
 (c
m
3/g
r)
Pore Throat Diameter (microns)
0.0001
0.001
0.01
0.1
1
10
100
0 0.2 0.4 0.6 0.8 1
Ainoura 1
Ainoura 2
C
a
p
il
la
ry
 P
re
s
s
u
re
 (
M
P
a
)
Water Saturation (fraction)
6 Author name / Energy Procedia 00 (2011) 000–000 
Table 1. Pore size measurement.  
Specimens 
% 
Microprosity 
% 
Mesoporosity 
% 
Macroporosity 
Median pore size 
(μm) 
porosity 
IFT 
(mN/m) 
P0 
(kPa) 
Ainoura 1 
11 
64.7 22.1 13.1 1 12.6 32.1 27 
Ainoura 2 51.06 29.4 19.6 1.2 15.46 32.1 25 
3.2. Experimental Test  
CO2 was injected into the rock specimen at a rate of 3 l/min. The constant confining pressure of 20 
MPa and initial pore pressure of 10 MPa at the temperature of 35 C were applied on the rock sample. 
During the injection, the generated hydraulic pressures in the upstream and downstream of the specimen 
including its volumetric strain were measured (Figure 4). The flow of the injected CO2 generated an 
increase in pore pressure while the differential pressure was dropping. Meanwhile, the increase in the 
pore pressure propagated a deformation on the specimen. The negative direction of the increasing strains 
indicated expansion of the specimen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)      (b) 
Figure 4. Differential Pressure (a) and volumetric strains (b) of the rock specimens. 
 
3.3. Stress-Strain and Porosity-Permeability  
The injection of CO2 into the rock specimen resulted in a decrease in the specimen effective stress. The 
pore pressure increased by 15.04 MPa and 18.67 MPa at Ainoura 1 and 2 samples,  while the volumetric 
strain increased by 0.38% and 1.02% (Figure 5a), respectively.  The effective stress of Ainoura 2 was 
lower at around 6.3 MPa compared to Ainoura 1, which was around 8 MPa. The results indicated the 
sandstone with larger porosity will be more deformed than that with a smaller porosity as it is injected 
with supercritical CO2. As a result, the alteration of porosity of Ainoura 2 becomes higher than Ainoura 1; 
120% against 114% of their initial porosities, respectively.  The permeability was found to be increased 
due to the change in porosity, by a factor 3 and 2, respectively.   
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(a)      (b) 
Figure 5. Strain-stress (a) and porosity and permeability change (b) of the rock specimens during the injection of CO2. 
3.4. CO2-water relative Permeability 
Since the specimen strain was found being increased due to the injection of CO2, resulting in an 
increase in its permeability, the determination of CO2-water relative permeability with changing 
permeability must be refined. We employed numerical analysis by fitting the differential pressure 
measured in the experimental test and also the theoretical analysis tothe changed permeability.  After 
considering the change in the intrinsic permeability (solid line), it was found that the CO2-water relative 
permeability is lowered (dash line), by 20% to 50% of their values for Ainoura 1 and 2, respectively 
(Figure 6).   
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)      (b) 
Figure 6. CO2-water relative permeability of  Ainoura 1 (a) and Ainoura 2 (b). 
6
7
8
9
10
11
12
8
10
12
14
16
18
20
0 0.002 0.004 0.006 0.008 0.01 0.012
E
ff
e
c
ti
v
e
 S
tr
e
s
s
 (
M
P
a
) P
o
re
 P
re
s
s
u
re
 (M
P
a
)
Volumetric Strain (fraction)
Ainoura 2Ainoura 1
Pore Pressure
eff. stress
Pore Pressure
eff. stress
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.2
0.21
2 10
-17
3 10
-17
4 10
-17
5 10
-17
6 10
-17
7 10
-17
8 10
-17
9 10
-17
1 10
-16
10 12 14 16 18 20
P
o
ro
s
it
y
 (
fr
a
c
ti
o
n
) Pe
rm
e
a
b
ility
 (m
2)
Pore Pressure (MPa)
Ainoura 1
Ainoura 2
Porosity
permeability
Porosity
permeability
0
0.2
0.4
0.6
0.8
1
0 0.05 0.1 0.15 0.2 0.25
K
rw
*
K
rn
*
k
rw
k
rn
R
e
la
ti
v
e
 P
e
rm
e
a
b
il
it
y
 (
fr
a
c
ti
o
n
)
CO
2
 Saturation (fraction)
0
0.2
0.4
0.6
0.8
1
0 0.05 0.1 0.15 0.2 0.25
k
rw
k
rn
k
rw
*
k
rn
*
R
e
la
ti
v
e
 P
e
rm
e
a
b
il
it
y
 (
fr
a
c
ti
o
n
)
CO
2 
Saturation (fraction)
water 
CO2 
water 
CO2 
8 Author name / Energy Procedia 00 (2011) 000–000 
Conclusion  
1. The injection of supercritical CO2 generates an increase in hydraulic pressure across the rock 
specimen by 15.07 and 18.67 MPa for two sandstone samples used in the experiments 
(Ainoura 1 and 2), respectively.  
2. The increase in their volumetric strains was found to be 0.3% and 1.025%, respectively. As a 
consequence, their estimated porosities increased by a factor of 1.2 and 1.5 while their 
permeabilities increased by a factor 2 and 3 of those initial values. 
3. Relative permeability of CO2 decreased to values ranging from 20% to 50% of the initial 
values when the stress-strain alteration of the rock specimen was considered.  
4. The higher hydraulic pressure generated by CO2 injection, the more significant effect of  
stress-strain alteration on the determination of CO2 relative permeability, particularly that 
occurs when hydraulic pressure  exceeding confining pressure applied on the core.  
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